This paper presents a review of moisture damage performance tests on asphalt mixtures. The moisture damage remains to be a detriment to the durability of the Hot Mix Asphalt (HMA) pavement. Moisture damage can be defined in forms of adhesive failure between bitumen and aggregates and cohesive failure within bitumen. Aggregate mineralogy, bitumen characteristics and anti-stripping additive dominantly influence the performance of asphalt mixtures towards moisture damage alongside construction methods, climate and traffic loading. Various laboratory test methods have been developed to quantify the moisture damage performance of asphalt mixtures by resembles the action in the field, including qualitative test such as Boiling Water Test (ASTM D3625) and quantitative tests such as Modified Lottman Test (AASHTO T283). Both of these tests consist of two phases, which are conditioning and evaluation phase. This paper will review the effectiveness of the selected available tests based on various asphalt mixtures materials. Generally, this study indicates that asphalt mixtures consisted of limestone aggregates, modified bitumen and addition of anti-stripping additives will provide more resistant towards moisture damage.
INTRODUCTION
Nowadays, Malaysian feels greatly unsecured when driving on the road mostly because of the presence of road distresses particularly after rainy season. Generally, moisture or water had been associated to this issue. Evaluation of moisture damage or moisture susceptibility in asphalt mixtures remained precedence in the pavement construction almost a few decades ago. In this manner, a speedy, reliable and practical approach for evaluating moisture susceptibility of asphalt mixtures will offer engineers and contractors the competence of testing asphalt mixtures, before, during and after lay down of asphalt mixtures pavement, or to find the right combination and proportion of various asphalt mixture materials [11] . Moisture damage in flexible pavement is regularly known as stripping. Stripping can be illustrated as a loss of bond between aggregates and bitumen. It frequently occurs when moisture permeates the pavement and weakening the bond between aggregates and bitumen. Then, it will cause the reduction of pavement strength and subsequently lead to various distresses such as raveling, rutting, fatigue cracking, and bleeding of the binder to the pavement surface, which could decrease pavement's skid resistance [3, 12, 16] .
There are two conditions associated to moisture damage either loss of adhesion between aggregates and bitumen or the weakening of the bitumen called as cohesion failures [9] . For the first mechanism, water permeates the asphalt mixtures and disintegrates the bitumen film from aggregates, leaving the aggregates without bitumen film coating. While for the second mechanism, it can be explained as the loss of stiffness and durability of bitumen due to repetitive effect of water. Alam et al. [3] reviewed that various tests had been implemented to assess moisture damage performance of asphalt mixtures since 1930s. Conversely, none of these tests producing a very significant results in evaluating moisture damage performance of asphalt mixtures. These tests can be characterized into two which is those depended on the estimation of the ratio of conditioned to unconditioned strength of the compacted specimen (quantitative determination) either from the laboratory or from the field, while others depend on visual assessment (qualitative determination) of stripping of bitumen from loose asphalt mixtures.
Similarly, Solaimanian et al. [15] pointed out that the tests can be classified into those evaluating the affinity between aggregates and bitumen in loose mixture condition and those accustomed to evaluate the moisture sensitivity in compacted mixture condition. At present, accessible moisture damage performance test that had been recognized, for example, Boiling Water Test (ASTM D3625) and Static Immersion Test  (ASTM D1664/AASHTO T182) only depend on subjective  evaluation, while Modified Lottman Test (AASHTO T283) and Immersion Compression Test (AASHTO T165) rely on the principle of relative assessment of mechanical properties (indirect tensile strength, resilient modulus, Marshall stability or compression strength) of conditioned sample and unconditioned sample. Meanwhile, other tests such as Saturation Ageing Tensile Stiffness (SATS), Environmental Conditioning System (AASHTO TP34) and Hamburg Wheel Tracking have also been established in order to assess moisture damage performance of asphalt mixtures [7] . This paper presents a review of moisture damage performance tests on asphalt mixtures in terms of the effectiveness of the selected available tests based on various asphalt mixture materials.
OVERVIEW ON MOISTURE SUSCEPTIBILITY TESTS
Development of tests to evaluate moisture susceptibility of asphalt mixtures has started since 1930s [17] . It has been conclusively shown that since that time, a number of tests had been implemented in order to identify the proneness of asphalt mixtures to moisture damage [4, 6] . Up to now, the test procedures have tried to resemble the loss of strength that possibly occurs in the pavement so that the premature distresses of asphalt mixtures can be recognized prior to construction. Diab and You [10] observes that even though continuous improvement on moisture susceptibility tests has been made in clarifying and understanding the mechanisms of moisture damage, a reliable and practical laboratory method that can simulate moisture damage in the field is still needed. However, theoretically it is almost impossible to invent a laboratory test procedures that can imitate the field conditions including traffic loading, environmental condition and construction practices. Diab and You [10] argues that some efforts have been made so far to develop a test procedure that would precisely determine the susceptibility of asphalt pavement to moisture damage. However, none of the moisture susceptibility test has been accepted widely due to lack of repeatability, difficulty of the process, expensive equipment and lack of quantitative results.
Al-Swailmi [4] founds that moisture susceptibility tests have conditioning and evaluation phases. The conditioning phase is conducted to imitate the deterioration action on flexible pavement in the field including environment conditions, traffic load repetition, climate (humid and hot climates), air voids level and others. While for evaluation phase, the asphalt mixtures sample will then be assessed by visual evaluation (qualitative evaluation) and physical tests (quantitative evaluation). In the visual evaluation, the percentage of retained bitumen coating is then determined after the conditioning process. While, physical tests evaluation consisted of strength or modulus and a ratio between the results from conditioned sample with the result from unconditioned sample is computed. If the ratio is less than standardized value, the sample will be clarified as moisture susceptible.
Conversely, Solaimanian et al. [15] and Copeland [8] argued that moisture susceptibility tests could be divided into two categories, which is test on loose mixtures (qualitative test) and test on compacted mixtures (quantitative test). The following are some of the tests that been used by public agencies by referring to AASTHO and ASTM standard. The test involves placing loose sample of asphalt mixtures into boiling water and being stirred using glass rod. After 10 minutes, the mixture is left to cool while the stripped bitumen is detached away. Then, the mixture is removed from the water and being dried in room condition
Tests on Compacted Sample of Asphalt Mixtures (Quantitative Tests)
Solaimanian et al. [15] and Saturated Ageing Tensile Stiffness (SATS) are also taken into consideration but rarely used due to lack of standardization in the procedures used (i.e. in terms of sample preparation, complexity of the procedures and also involve quite high cost of conducting the test). The main benefits of these tests is that it can assess the physical and mechanical properties while the traffic action and pore pressure effects can also be considered [15] . The results provided are measured quantitatively and this will reduce the higher variability of the test results as compare to visual evaluation. However, the weaknesses from these tests are it involved very expensive and complex testing equipment, take longer time to perform and require more laborious test procedures. Summary for some of these tests that currently been widely used is briefly explained in Table 2 . Modified Lottman procedures have set the degree of saturation to between 60%-80%. As the saturation level achieved by partial vacuum is primarily responsive to the magnitude of the vacuum and relatively independent of the length of time, this reduced saturation was achieved by reducing the partial vacuum from 600 mm Hg to 508 mm Hg.
ANALYSIS ON PREVIOUS MOISTURE SUSCEPTIBILITY TESTS ON VARIOUS ASPHALT MIXTURES
As can be seen from the Tables 3 to 5 , it can be concluded that asphalt mixtures consist of limestone aggregate will give more resistant to moisture damage. From Table 3 , the results generated by Khosla et al. [13] shown that asphalt mixtures consisted of limestone produce the highest tensile strength ratio (TSR) which is 61.7% compare to asphalt mixtures consisted of slate which is 48.6% and granite which is 58.5%, with the same type of bitumen without any antistripping additives after conditioning by Modified Lotmann Test. By referring to Table 4 after Immersion Compression Test, those findings are consistent with those of study by Kumar and Anand [14] . Kumar and Anand [14] shown that asphalt mixtures consisted of limestone give the highest Marshall stability ratio which is 98% compared to asphalt mixtures consisted of granite (89.1%), sandstone (87.8%) and Harwar Quartzite (86.5%). Whereas in Table 5 , after Boiling Water Test being conducted on loose asphalt mixtures, the results hown that asphalt mixtures consisted of limestone produce the highest percentage of aggregates remain coated by bitumen which is 98.7% and 98.4% compared to other asphalt mixtures which consist of quartzite (59.7%), granite (84.2%) and andesite (13.5%). Table 4 , it was found that with the same type of aggregates and bitumen, the Tensile Strength Ratio (TSR) value for asphalt mixtures in addition of antistripping additives is higher than without any addition of anti-stripping additives [14] . Referring to Table 5 , results from Boiling Water Test also shown the same situation. Percentage of aggregates remain coated with bitumen is higher in asphalt mixtures with the addition of anti-stripping additives compared to the asphalt mixtures without any additives with the fixed aggregates and bitumen. In general, types of bitumen also have a significant impact in moisture resistant to moisture damage. Uses of modified bitumen will increase the moisture resistant towards moisture damage. This is supported by Airey et al. [2] , which explains that that increasing of binder grade will then lead to reducing of retained stiffness of bitumen. This circumstance will resulted in reduction of resistant towards moisture damage on asphalt mixtures. The research done by Abo-Qudais [1] after conducting Modified Lottman Test also found that asphalt mixtures consist of bitumen with Penetration 80/100 produce lower Tensile Strength Ratio (TSR) value compared to asphalt mixtures consisted of bitumen with Penetration 60/70 as the aggregates and antistripping additives remained the same. However, it was later shown by Abo-Qudais [1] that after testing with Boiling Water Test, asphalt mixtures consisted of bitumen with Penetration 80/100 produce slightly higher percentage of aggregate remain coated with bitumen which is 90% compared to asphalt mixtures consisted of bitumen with Penetration 60/70 which is 89%. This contradiction might be because of this test is relying totally on visual evaluation.
CONCLUSION
Generally, this study indicates that asphalt mixtures consisted of limestone aggregates, modified bitumen and addition of anti-stripping additives will provide more resistant towards moisture damage. These results are supported by studies conducted by Uddin [18] and Aman et al. [5] . Hydrated lime tends to be the most popular among others anti-stripping additives because it had been proven effective in increasing resistance of asphalt mixtures towards moisture. While lower penetration grade of bitumen and polymermodified bitumen are most popular to be used in asphalt mix design because it can sustain moisture damage more than commonly used asphalt binder. 
